The localization of the nucleus is precisely regulated, and defects in nuclear positioning are observed in diseases such as lissencephaly, cerebellar ataxia and dysplasia. We show here that cytoplasmic intermediate filaments are essential players in actin-dependent positioning of the nucleus. The actin retrograde flow is relayed by a flow of intermediate filaments that accumulate asymmetrically around the nuclear envelope. Perturbations of the intermediate filament network alter positioning of the nucleus in both migrating and immobile astrocytes. This function of intermediate filaments might be crucial for regulating cell motility, in particular in tumor cells expressing high levels of cytoplasmic intermediate filaments.
Introduction
The nucleus is usually positioned at the cell center, but its position can vary depending on the cell type and function. During development, perturbing the anchorage of post-synaptic nuclei in muscular fibers affects the innervation of the muscular cell (Starr, 2007) and leads to respiratory failure and early lethality (Zhang et al., 2007) . During cell migration, a forward nucleus translocation is necessary (Tsai and Gleeson, 2005) , whereas a rearward movement of the nucleus at the onset of migration participates in fibroblast polarization (Gomes et al., 2005) . Nuclear rotations have also been observed in fibroblasts during migration (Levy and Holzbaur, 2008) and in those under mechanical shear stress (Lee et al., 2005) . Nucleus mislocalization is routinely used as a clinical marker for disease. A diagnosis for severe epithelial dysplasia is made mainly on the basis of nucleus positioning (Konishi and Morson, 1982) . In vitro, nucleus positioning is also dramatically altered in tumor cells (Dupin et al., 2009) .
Microtubule and actin cytoskeletal networks have been independently implicated in nuclear movement and anchorage. Microtubules contribute to nucleus forward displacement, either indirectly, by pulling on the centrosome (Tsai and Gleeson, 2005) , or directly by forming a cage around the nucleus, which occurs particularly during neuronal migration (Umeshima et al., 2007) . Dynein seems to be a key player in anchoring microtubules at the nuclear envelope (Salina et al., 2002) and regulates nucleus position and rotation in migrating cells (Levy and Holzbaur, 2008; Umeshima et al., 2007) . The actin cytoskeleton contributes, through actomyosin contractility, to forward nuclear movement in leukocytes (Sanchez-Madrid and del Pozo, 1999 ) and neuronal cells (Bellion et al., 2005) . Moreover, the actin retrograde flow is involved in pushing the nucleus towards the cell rear following wounding of a fibroblast monolayer (Gomes et al., 2005; Luxton et al., 2010) . Although some observations suggest that intermediate filaments (IFs) could play a role in regulating nucleus displacement (Gerashchenko et al., 2009; Ralston et al., 2006) , the role of the IF cytoskeleton in nucleus positioning remains unclear.
We and others have previously demonstrated that actin, but not the microtubules, is involved in nucleus movement following formation of adherens junction (Desai et al., 2009; Dupin et al., 2009) . Here, we show that the actin cytoskeleton controls IF organization around the nucleus and that IFs mediate actindependent nucleus positioning.
Results and Discussion
To analyze nucleus positioning, we plated groups of six to eight primary rat astrocytes on 100-m-diameter circular fibronectincoated micropatterns. Cells that localized at the edge of the pattern presented anisotropic cellular interactions. Although they were unable to migrate out of the pattern, these cells were polarized towards the free edge of the cell (i.e. the edge not involved in cellcell contacts) (Dupin et al., 2009) . The nucleus was off-centered and localized near to cell-cell contacts (Fig. 1A, +Ca) , as shown previously (Dupin et al., 2009) . We have also shown previously that the actin cytoskeleton plays a crucial role in regulating nucleus positioning in this assay (see Fig. 3B ) (Dupin et al., 2009 ) and that microtubules are not involved (supplementary material Fig. S1 ). Nesprins and SUN-domain-containing proteins, which form the 'linkers of the nucleoskeleton to the cytoskeleton' (LINC) complex, have been implicated in linking the actin cytoskeleton to the nuclear envelope and in controlling nucleus positioning in various biological systems (Luxton et al., 2010; Razafsky and Hodzic, 2009) . Surprisingly, expression of the nesprin KASH domain, which results in the delocalization of endogenous nesprins (Ketema et al., 2007; Padmakumar et al., 2005) , did not affect nucleus offcentering in astrocytes (supplementary material Fig. S2 ).
To characterize the molecular link between the actin cytoskeleton and the nucleus, we analyzed the organization of the actin cytoskeleton in astrocytes with a centered or an off-centered nucleus. Removal of extracellular Ca 2+ dissociated cadherinmediated adherens junctions and, as a consequence, abolished the cell polarity regulated by cell-cell contacts and nucleus offcentering (Dupin et al., 2009 ). In control cells ('+Ca') and in cells 866 Journal of Cell Science 124 (6) Fig. 1 . Cytoplasmic IFs surround the nucleus and accumulate on the side of the nucleus facing the free edge of the cell. Astrocytes were plated onto 100-m-diameter circular fibronectin-printed micropatterns and fixed 7 hours later. When indicated, the culture medium (+Ca) was changed to Ca 2+ -free medium 2 hours after plating (-Ca). (A,C)Hoechst (blue), phalloidin (red), vimentin (green), nestin (yellow) stainings and (B) perinuclear density (see supplementary material Fig.  S3 for details) of actin, nestin and vimentin. Data are given as means+s.d. for three independent experiments comprising at least 180 cells. *P<0.05; **P<0.005; N.S., not significant. The gray horizontal line indicates the theoretical value (13%) of the perinuclear density in the case of an entirely homogenous staining inside the cell. The right-hand panels in C show segmented images obtained after the image treatment described in supplementary material Fig. S3 . '' (°) is the angle between the axis defined by the nucleus center and the center of the IF or actin area (green line) and the micropattern radius passing through the nucleus center (black line). (D)Distribution of  values. The median angle and statistical differences are indicated in black. **P<0.005. (E)Hoechst (white), phalloidin (red), nestin (green) stainings. The left-hand panels show three-dimensional reconstructions of the 20 planes acquired with a step of 0.2m in the z-direction. The righthand panels show orthogonal sections of the same three-dimensional reconstructions. Scale bars: 20m (A, left-hand panels E); 2m (right-hand panels E).
in Ca
2+
-free medium ('-Ca'), the perinuclear area was relatively devoid of actin filaments (Fig. 1A) . We found that IFs, by contrast, were concentrated around the nucleus (Fig. 1A) . Perinuclear density (see supplementary material Fig. S3 for a description of how this is calculated) of the nestin and vimentin IF proteins was very high, whereas there was a low perinuclear density of actin filaments (Fig. 1B) .
To determine whether the IF distribution around the nucleus was homogenous or polarized, we measured the angle '' between the axis defined by the nucleus center and the center of the IF area and that of the radius of the micropattern passing through the nucleus center ( Fig. 1C ; see the Materials and Methods section). For an accumulation of IFs on the side of the nucleus facing the free edge of the cell, this angle is 0°, whereas a homogenous accumulation of IFs around an elliptic nucleus leads to a distribution that peaks around a median value of 90°. The latter type of distribution was observed in non-polarized cells as the median angle was close to 90° (Fig. 1D, -Ca) . By contrast, in polarized cells, the distribution of the angles was shifted towards lower values, indicating a preferential recruitment of vimentin and nestin fibers on the side of the nucleus facing the free edge of the cell, whereas the distribution of the angles for the actin cytoskeleton was uniform (Fig. 1D, +Ca) . Stronger accumulation of IFs on the side of the nucleus facing the free edge of the cell was also observed in three-dimensional reconstructions of the cells (Fig. 1E,  arrowheads) . Interestingly, perturbation of the actin cytoskeleton by cytochalasin D treatment dramatically perturbed the organization of IFs and prevented IF accumulation around the nucleus (Fig. 
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Intermediate filaments and nucleus position Astrocytes transiently coexpressing EGFP-vimentin and LifeAct-Cherry, a peptide that stains F-actin (Riedl et al., 2008) , were imaged during Ca 2+ -induced nuclear movement ( Fig. 2C ; supplementary material Movie 2). Addition of Ca 2+ induced a flow of actin fibers from the free edge of the cell, which was paralleled by a flow of IFs towards the nucleus (Fig. 2D ). Vimentin and actin filaments moved at the same velocity (0.07 m/minute) (Fig. 2E ). Small interfering RNA (siRNA)-induced depletion of plectin, a protein able to act as a bridge between actin filaments and IFs, neither prevented actin-driven reorganization of IFs (data not shown) nor altered nucleus localization (supplementary material Fig. S5 ). Vimentin accumulation on the side of the nucleus facing the free edge of the cell coincided with nuclear displacement (Fig.  2C,D) .
The fact that IFs accumulate around the nuclear envelope, following actin rearrangements, led us to investigate whether IFs were involved in actin-dependent nucleus positioning. We generated specific siRNAs targeting nestin, vimentin and glial fibrillary acidic protein (GFAP) which we used for single, double or triple depletion of the major IF proteins in astrocytes . All siRNAs led to a strong decrease (at least 89% for each single depletion) in the corresponding protein expression (supplementary material Fig. S6 ). Depletion of IF proteins strongly perturbed nucleus off-centering, without significantly affecting actin structures (Fig. 3A,B) . We analyzed the dynamics of actin structures in IFdepleted astrocytes expressing LifeAct-Cherry. IF protein depletion inhibited nuclear translocation without perturbing the retrograde flow of actin fibers, which, under these conditions, moved under or above the nucleus with a velocity comparable to that in control cells ( Fig. 3C -E; supplementary material Movie 3). Finally, to check that the IF depletion was not affecting nucleus positioning by modifying cytoskeletal tension, we used siRNA to inhibit the expression of myosin IIA and IIB. Myosin II depletion did not perturb nucleus positioning, showing that actomyosin contractility was not involved in the regulation of nucleus positioning (supplementary material Fig. S7 ). The fact that nucleus offcentering was not totally abolished following transfection of siRNA against all three IF proteins might be due to the remaining expression of IF proteins in these conditions (supplementary material Fig. S6 ) or might suggest that there is an alternative mechanism that controls nucleus positioning. We excluded any involvement of microtubules by combining IF depletion with nocodazole treatment, which does not induce further defects in nucleus localization (supplementary material Fig. S1D) .
We confirmed the important role of the IF network in nucleus positioning by using a dominant-negative GFAP construct (Fig.  3B) , corresponding to the N-terminal fragment of GFAP (i.e. lacking the tail region and a part of the rod domain), which is known to perturb the entire IF network, as described with the equivalent vimentin construct (Whipple et al., 2008) . Interestingly, depletion of lamin B1 also altered nucleus positioning (supplementary material Fig. S4D,E) .
The role of IFs in actin-dependent nucleus positioning was further confirmed by plating single astrocytes on crossbow-shaped micropatterns; on these micropatterns nucleus position is determined by the geometry of cell interactions with the extracellular matrix, with the nucleus preferentially localizing near the non-adhesive region of the cells (Dupin et al., 2009; Thery et al., 2006) (Fig. 3F-J) . To determine whether the role of IFs in nucleus positioning was cell-type specific, we analyzed nucleus positioning in human adrenal carcinoma SW13 cells, either expressing or not expressing vimentin, and mouse embryonic fibroblasts (MEFs) from wild-type and vimentin-knockout mice. In both cell types, nucleus off-centering was strongly dependent on the expression of vimentin, indicating that IFs might control nucleus positioning in a large variety of cell types (Fig. 3J) . Taken together, these results indicate that, in addition to the actin cytoskeleton, IFs play a fundamental role in nuclear localization downstream of both intercellular contacts and cellular interactions with the extracellular matrix. These results lead us to propose that the retrograde flow of actin can control nucleus movement by promoting the polarized perinuclear accumulation of cytoplasmic IFs, which, in turn, push against the nuclear envelope to move it across the cytoplasm (supplementary material Fig. S8 ). As inhibition of nesprin or depletion of plectin does not affect nucleus positioning (supplementary material Figs S2 and S5), the LINC complex does not seem to be involved in the connection between cytoplasmic IFs and the nucleus, suggesting the existence of an alternative connection. As nestin and vimentin are present inside the nucleus (Spencer et al., 2000; Thomas et al., 2004; Veselska et al., 2006) , and vimentin directly interacts with lamin B but not lamin A (Georgatos and Blobel, 1987) , IFs might directly interact with the lamina. This would be consistent with our results showing that nucleus positioning and the polarized perinuclear accumulation of IFs depend on lamin B1 but not lamin A (supplementary material Fig. S4 ). Alternatively, we cannot exclude the possibility that IFs act by physically pushing against the nucleus without being directly coupled to the nuclear envelope.
We next determined whether IFs also play a role in nucleus positioning during wound-induced astrocyte migration. Nucleus localization at the rear of the IF-depleted migrating cells was less pronounced than in control cells (Fig. 4A,B) (Dupin et al., 2009; Gomes et al., 2005) . We followed the nucleus center and a nucleolus to measure the nuclear angular velocity (Fig. 4C,D) . Nuclear rotations (Levy and Holzbaur, 2008) were strongly inhibited in IFdepleted cells (Fig. 4C,D ; supplementary material Movies 4 and 5), suggesting that, in addition to microtubules, IFs affect nuclear rotation (Lee et al., 2005) . We also found that nuclear velocity was reduced and the nuclear movement was less directed compared with that in control cells (Fig. 4E,F) . As previously reported (Lepekhin et al., 2001) , simultaneous depletion of nestin, vimentin and GFAP eventually led to a delay in wound closure (Fig. 4G,H) , which could be a consequence or a cause of the reduced and lessdirected nucleokinesis. IF depletion also perturbed the orientation of the nucleus-centrosome axis in immobile and motile astrocytes (supplementary material Fig. S9A,B) . Interestingly, and in contrast with nucleus positioning, centrosome positioning was mainly dependent on nestin but not on GFAP and vimentin (supplementary material Fig. S9C ), suggesting that control of centrosome positioning by nestin is not related to the regulation of nucleus positioning by IFs.
Our observations corroborate reports on IF-null mouse models, where the formation of the glial scar by astrocytes after brain injury is impaired . Conversely, increased expression of nestin and vimentin has been associated with elevated invasiveness and malignancy in astrocytomas (Dahlstrand et al., 
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Journal of Cell Science 124 (6) Intermediate filaments and nucleus position . Cells were either incubated in Ca 2+ -free medium (-Ca) for 7 hours or incubated for 2 hours in Ca 2+ -free medium followed by 7 hours in Ca 2+ -containing medium (+Ca). When indicated, cells were treated, 4 h after plating, with 1M cytochalasin D; cytochalasin-D-treated cells were fixed after 3 hours (CytoD), or further incubated for 5 hours in normal medium (CytoD washout). Alternatively, cells were micro-injected 2 hours after plating with dextran, or with dextran and a dominant-negative GFAP construct (GFAP-DN) and incubated for 5 hours. 'si triple IF' indicates the triple depletion of vimentin, GFAP and nestin by siRNA. (A)Cells were fixed and stained for pancadherin (green) and with Hoechst (blue). The lower-left-hand panels show phalloidin staining and the lower-right-hand panels a higher magnification of a typical cell with the cell center indicated (yellow cross). (B)Nucleus off-centering, defined as the distance between the nucleus center and the cell centroid divided by the square root of the cell area. The green horizontal line indicates the off-centering value (0.12) in single cells plated onto a symmetrical micropattern. Data are given as means+s.d. of three independent experiments totalizing at least 180 cells; statistical differences between the gray or white bars and the corresponding control black bar on their left (Ctl) are indicated. **P<0.005. (C-E) IF-depleted astrocytes (si triple IF) transiently expressing LifeAct-Cherry were left to adhere onto adhesive micropatterns for 2 hours in the presence of Ca 2+ , the medium was then exchanged for Ca 2+ -free medium for 2 hours. Ca 2+ was then added back to the medium and, after a further 2 hours (t0), the cell was imaged every 15 minutes. 
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1992; Rutka et al., 1999) . As the expression pattern of IFs is regulated during cell differentiation (Fuchs and Weber, 1994) , this study provides new insights on the mechanisms of nucleus positioning not only in diseases but also during development.
Materials and Methods

Materials
We used primary antibodies against the following proteins: pan-cadherin CH-19 (Sigma), GFAP, vimentin, lamin A (Santa Cruz Biotechnology), nestin (Chemicon), pericentrin, nesprin-1, myosin IIA, myosin IIB (Covance), plectin, lamin B1 (Abcam) and -tubulin (AbD Serotec). Cytochalasin D and nocodazole were from Sigma. TRITC-conjugated secondary antibodies were from Jackson Immunoresearch); Alexa-Fluor-488-conjugated secondary antibodies and rhodaminephalloidin were from Invitrogen. pLifeact-Cherry was a gift from Matthieu Piel (Institut Curie, Paris, France) (Riedl et al., 2008) and pVimentin-GFP was a gift from Danielle Pham-Dinh (INSERM UMR 546, Paris, France) (Mignot et al., 2007) . siRNA duplexes corresponding to rat GFAP starting at nucleotide 757 (GenBank accession no. NM_017009), rat vimentin starting at 781 (GenBank accession no. NM_031140), rat nestin starting at 780 (GenBank accession no. NM_012987), rat plectin starting at 5727 and 6128 (GenBank accession no. NM_0224010), rat lamin A starting at 648 and 810 (GenBank accession no. BC062018), rat lamin B1 starting at 625 and 1262 (GenBank accession no. NM_053905), rat myosin IIA starting at 1853 (GenBank accession no. NM_013194, rat myosin IIB starting at 506 (GenBank accession no. NM_031520) were obtained from Proligo. For the dominant-negative GFAP construct, GFAP cDNA encoding 1-595 bp was inserted into pCMV-FLAG in the EcoRI/BglII site. pCMV SPORT6-mouse Syne 1 (nesprin-1) was purchased from Geneservice. Nesprin-1 was amplified by PCR using primers forward
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Journal of Cell Science 124 (6) 5Ј-GCCGCTCGAGCGGTGGTGGCAGAGGACTTGCATGGCCCG-3Ј and reverse 5Ј-CGCCGGAATTCCGTCAGAGTGGAGGAGGACCGTTGGTATATCT-3Ј, and the resulting fragment was subcloned into pEGFP-C1 in the Xho/EcoRI site. The last 1035 bp of nesprin-1, corresponding to the KASH domain, was inserted into pRK5-MYC in the BglII/EcoRI site by subcloning using primers forward 5Ј-GCGGAAGATCTTCCGCCTGGCTAGGAGAGACAGAGGAGGAG-3Ј and reverse 5Ј-CGCCGGAATTCCGTCAGAGTGGAGGAGGACCGTTGGTATATCT-3Ј. siRNA and DNA constructs were introduced into cells using nucleofection technology (Amaxa) (Etienne-Manneville et al., 2005) . Nuclear microinjections were performed using expression vectors at 100 g/ml.
Stamp fabrication, micro-contact printing and cell plating
Moulds for stamps were obtained from Biotray (ENS, Lyon). Stamp fabrication and micro-contact printing were performed as described previously (Dupin et al., 2009) . Briefly, PDMS stamps were coated with fibronectin (0.005%). After printing, glass coverslips were then treated with poly-lysine-grafted-poly(ethylene glycol), to prevent cells spreading outside of the patterns. Culture of primary astrocytes was as described previously (Etienne-Manneville, 2006; Etienne-Manneville and Hall, 2001 ). SW13 cells not expressing vimentin were a gift from Zhigang Xue (UR4, UPMC, Paris, France). SW13 cells expressing vimentin and vimentin double-knockout MEFs (Colucci-Guyon et al., 1994) were gifts from Bertrand Favre (Department of Dermatology, University Hospital, Geneva, Switzerland) and Harald Herrmann (Department of Molecular Genetics, German Cancer Research Center, Heidelberg, Germany), respectively. Wild-type MEFs were a gift from Hélène Saklani (Institut Pasteur, Paris, France). Cells were trypsinized and agitated for 30 minutes at 37°C in 0.5% fetal calf serum (FCS)-containing medium, deposited onto the printed coverslip and centrifuged at 800 g for 5 minutes. For the Ca 2+ switch experiments, the medium was changed 2 hours after centrifugation for a Ca 2+ -depleted medium (Invitrogen) supplemented with 0.5% FCS. After a further 2 hours, Ca 2+ was added back into the medium at a final concentration of 1.8 mM.
Image acquisition and analysis, and statistical analysis
Fixed cells were imaged on a microscope (DM6000B; Leica) using an HCX plan Apo 40ϫ/1.25 NA oil CS or HCX plan Apo 63ϫ/1.40 NA oil CS objective (Leica). For z-stacks, fixed cells were imaged on a confocal (TCS SP5; Leica) microscope (DM6000B, Leica) using a HCX plan Apo 63ϫ/1.40 NA oil CS objective (Leica). Three-dimensional reconstructions and orthogonal sections were made using Imaris software. For time-lapse microscopy, astrocytes were imaged at 37°C with a plan Apo 63ϫ/1.40 NA oil objective (supplementary material Movies 1-3) on a spinningdisk confocal microscope (Axiovert 200, Zeiss) with an N plan 10ϫ/0.25 NA dry objective (Leica) on a microscope (DMI6000B, Leica) (supplementary material Movies 4 and 5). The imaging medium was Dulbecco's modified Eagle's medium (DMEM) without Phenol Red (Invitrogen), supplemented with 0.5% FCS (supplementary material Movies 1-3) or normal medium (supplementary material Movies 4 and 5). Cells in supplementary material movies 1-3 were imaged with a planApo 63ϫ/1.40 NA oil objective on a spinning-disk confocal microscope (Axiovert 200, Zeiss) . Cells in supplementary material movies 4 and 5 were imaged with an N plan 10ϫ/0.25 NA dry objective (Leica) on a microscope (DMI6000B, Leica). Microscopes were equipped with a camera (C9100, Zeiss) (DFC350 FX, Leica) and images were collected with the Volocity software (Zeiss) or the LAS software (Leica). Image analysis and measurements were performed with the ImageJ software. Image analysis was always performed on non-modified images. For figures, brightness and contrast were adjusted. The contrast of supplementary material Movie 2 was enhanced by equalizing the histogram with the ImageJ software. The perinuclear density of proteins was calculated as described in supplementary material Fig. S3 . Briefly, a binary threshold is applied to the Hoechst image to select the nucleus. The perinuclear area is defined as an area of a 2-m greater radius than the nucleus area. On IF or actin images, background-subtracted fluorescence intensity was normalized to the highest intensity of that image as described previously (Webb et al., 2004) . The perinuclear density (percentage) is defined by the ratio between the area of segmented pixels in the perinuclear area and the total area of segmented pixels divided by the number of cells. Angle  (°) is the angle between the axis passing through the nucleus center and the segmented area center for IFs and the radius of the micropattern passing through the nucleus center ( Fig. 1) : for an accumulation of IFs on the side of the nucleus facing the free edge of the cell this angle is 0°; for a randomly oriented accumulation around the nucleus this angle can take any value between 0 and 180°, giving a median value of 90° for a population of cells with a randomly oriented accumulation. The velocities of actin, vimentin filaments and nuclei were calculated using the Manual Tracking plugin of the ImageJ software (supplementary material Movies 2 and 3). To record the positions of the nucleus and pattern centroid, a threshold value of fluorescence intensity was chosen to select the nucleus or the pattern from the appropriate images, respectively. The cell contour was manually determined using images of the cadherin staining, or dextran fluorescence for micro-injected cells, and the cell area was then calculated. The coordinates of the centroid of thresholded or selected objects was measured. The distances from the nucleus centroid to the cell centroid were calculated. 'Nucleus off-centering' was defined as the distance between the nucleus and cell centroid divided by the square root of cell area ( Fig. 3; supplementary material Figs S1, S2, S4, S5 and S7). Nuclear angular velocity is described as the angle between the axis passing through the nucleus center and a nucleolus at the beginning of the tracking and the same axis at the end of the tracking, divided by the tracking time (Fig.  4C,D) . For migrating cells, cell orientation was analyzed by measuring the angle '' between the centrosome-nucleus axis and an axis perpendicular to the wound (supplementary material Fig. S9 ). For a polarized cell oriented towards the free edge of the pattern (immobile cells) or towards the wound (migrating cells) this angle is 0° (see supplementary material Fig. S9 ). For a randomly oriented cell, this angle can take any value between 0 and 180°, giving a median value of 90° for a population of randomly oriented cells.
Statistical 
